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PREFACE

This report presents the results of the redirected "automatic
LEM mission" study defined in references 3 and 7. The ground rules
for this effort differ markedly from those used for the original
study of completely automatic LEM. The revised ground rules allow
the crew to perform those functions which, as indicated in the
results of the initial study (Ref. 9), would cause substantial in-
creases in LEM weight and complexity if automatized. These
functions include, for example, the switching required to activate
and shutdown systems and the alignment of the inertial equipment
which involves optical sightings and insertions of initial con-
ditions into the computer.
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ABSTRACT

This report is intended to satisfy the requirements for the
attomatic LEM study. This study was undertaken in accordance with the
requirements of Item C-3 of LEM Engineering Memo L250-MO3-2 by C. W.
Rathke, entitled "Technical Priority Efforts, Prime Responsibility forj.
This memo expressed the results of an agreement between GAEC and NASA
on the LEM work effort. The study covered in this report was performed
under the revised ground rules referred to in the preface.

The study briefly investigates the automation of the complete lunar
descent from the standpoint cf the two sets of ground rules proposed.
i.e., Completely automatic vs. crew participation but completely auto-
matic vehicle attitude and trajectory control. The study then focuses
or the automation cf the hover to touchdown maneuver., The report in-
vestigates in detail the suitability of the application of specific
guidance laws as applied to this maneuver, and its impact on LEM hard-
ware., It is immediately determined that change in hardware is minimal
and that the major problem is to determine guidance laws which will
produce successful trajectories under a wide range of hover and target
point conditions. Two laws are studied for this application. They are
the Proporticnal Line of Sight Navigation Law and the Polynomial Law.
The Proportional Law is studied in great detail and a Modified Pro-
portional Law is introduced, because it was found that the Basic Pro-
portional Law did not satisfy the zero initial hover velocity require-
ment. In addition the Basic Law had associated with it only a limited ‘
range of hover velocity conditions which would produce successful
landings (as defined in Section 2.3.2) with good visibility. It is
concluded that the Modified Proportional Law produces successful tra-
jectories under a wide range of hover and target range point conditions
and could well be applied to the automatic hover to touchdown maneuver.
Although the Polynomial Law produces suitable trajectory shapes and
terminal conditions, it appears that some improvement could be made by
removal of the oscillatory attitude response which exists in the first
half of the trajectory.
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SUMMARY

This report represents a detailed description of the adaptation
of the Proportional Navigation Line of Sight (10S) Guidance Law for
use in the automatic hover +o touchdown maneuver. The infcrmatica
ontained from the study of this law above was sufficient to demonstrate
the feasibility and equipment requirements for the automatic missicn
study. However, in addition some work has been performed on the Poly-
nomial Guidance Law developed at GAEC. Due +to the amount of time still
required for completion of the effort on the Polynomial Law, it was
not planned to discuss this law as applied to the automatic marneuver.
However Jjust as the rought draft of this report was completed fruitful
results were obtained for the Polynomial Law and a memo summarizin
these results was published (IMO-500-110, Ref. 16). Since +he memo
cn the Polynomial Law is adequately descriptive and it was nct desired
to hold up the issuance of this report, it was felt that it would be
adequate to use that memo as a reference only. Aan intrcductory des-
cription of the Polynomial Law was however included as Section four of
this report to supplement the IMO-50C-110., The referenced memo indi-
cates that the automatic hover-to-touchdown phase would be feasitble
with the Polynomial Law as outlined. This conclusion was reached after
successful touchdown conditions were obtained on several trajechory
runs for various values of N and K (guidarce law constants). Some
typical trajectories are shown in the referenced memo for various gain
constants. In addition successful touchdcocwn conditions are indicated
for a wide range of trajectories. However pitch attitude profiles as
a function of time indicate that rather oscillatory attitude motions
are produced by the Polynomial Law for the first half of the maneuver
btefore attitude settling occurs. Pitch rates are in the vicinity of
1C°/sec. which are on the borderline of acceptability from the crew
systems viewpoint. The memo also determined that an LGC computation
rate ¢f 2 samples per second gives sufficiently frequent data for use
by the Pclynomial Law.

Included in IMO=-500-110 are the state errors at touchdowr. which
wculd result from the introduction of guidance system errors and initial
condition uncertainties. The plots show that under reasonable conditions
of compenent and initial errors; satisfactory terminal conditions are
attainable,

As indicated previously, the main body of this report concentrates
cn the implications of the use of the Proportional Navigation Law for
the automatic hover-to-touchdown maneuwver., This report concludes
that minimal changes to LEM basic design would te required since most
funecticas which would e required for a manned but autcmatic hover +o
tcuchdown mareuver already exist in the LEM., This i1s true provided
that moeritoring, switching ard navigation and guidance alignmex:
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functions are performed by the crew. Therefore nominally automatic
guidance and control of the vehicle for the hover to touchdown meneuver
may be performed essentially without the further addition of equipment.
However, it should be pointed out that changes in the computer program
may be required to insert the guidance law equations, and to adjust the
Proportional Guidance lLaw gain constants for the existing conditions at
hover (target range, LEM hover velocity, etc.). Selection of the
larding point by use of an existing LEM reticle may possibly be per-
formed, but since this hardware and function is not yet defined, Jjudge-
ment on its applicability must be deferred.

First, the constraints imposed on the trajectory during descent
and at touchdown are discussed. Then later, the results of the appli-
cation of the law (in the form of trajectory data obtained from computer
simulation runs) are compared to these constraints to determine the
degree of success of the guidance law used. Constraints discussed in-
clude the vehicle attitude and attitude rates for the complete trajectory.
In addition, landing point and horizon visibility is considered. Touch-
down velocities and attitude conditions are also considered in the
evaluation of the law.

The theory of the Basic Proportional Law is discussed and its major
limitation délineated. This limitation concerns the inability to gene-
rate guidance commands if the vehicle velocity is zero at hover. This
drawback is overcome by modifying the Proportional Law to include
acceleration commands in the gravity term. It is pointed out that this
modification tends to make the Basic Law more adaptive to initial
velocity conditions since the modification term is made a function of
initial velocity.

In order to understand the effects on the trajectory, the gain con-
stants in the Basic Proportional Law are discussed in considerable de-
tail. The bounds on the constants are indicated and the expected effect
of their variations on the trajectory time, shape, AV consummed, max.
vehicle attitude off vertical, and interaction with initial velocity
are indicated. Finally, data is presented which summarizes the results
of computer simulation runs employing the Basic Proportional Law. This
data is shown to follow the theoretically expected pattern and sheds
further light on the more complex relationships involved. An alternative
implementation of the Basic Guidance Law is discussed which involves
the concept of changing guidance law gain constants to best fit vehicle
initial conditions to the required constraints. For example, K gain
(a Proportional Law gain constant) may be varied with initial velocity
and LEM distance to target to optimize AV consumption, touchdown
angular velocity and attitude.

There is a fair range of successful trajectories available if the
proper value of the K gain is chosen for each set of initial conditions.
However, visibility exhibited by the Basic Proportional Law trajectories
is not good at the higher initial velocities and for close range targets.
In addition the AV budget is exceeded if initial velocity is too low
in relation to target range.
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A discussion on the results of computer runs employing the
Modified Proportional Law is presented. The effects of varylng the
values of initial conditions with system gains on miss distance, AV,
pitch attitude and touchdown pitch rates and attitude are also pre-
sented. The Modified Proportional Law is shown to exhibit superior
low hover approach velccity characteristics consuming less AV than
the Basic Proportional Law. In addition it is shown that visibility
is improved by use of the Modified Law for closer range targets and
higher hover velocities. It was found that the number of acceptable
trajectories obtainable by use of the Modified Law is increased over
that obtained by the Bagsic Law with the same initial conditions. It
ig felt that sufficient flexibility exists in the Modified Law to

enable its successful application to the automatic hover to touchdown
maneuver.
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1.0 INTRODUCTION

The purpose of this study is to determine the impact on the
LEM design resulting from a requirement for an automatic mission,
with the LEM automated to a degree consistent with the ground
rules listed below. In particular, the purpose of the study is
to identify those changes in LEM equipment configurations and
performance requirements that are necessary to provide an auto-
metic mission capability.

All descent phases of the mission are examined briefly.
However, because the automation of the nominally manual, hover to
touchdown phase produces the most significant change in the LEM
design, the study is essentially devoted to only this phase of
the mission. The aspects of the LEM system which receive the
most emphasis are those concerned with navigation, guidance, and
flight control, including the crew participation in these operations.

2.0 GENERAL
2.1 GROUND RULES

(1) The automatic mission shall be considered to be a possible
mode of operatiocn for the basic manned lunar landing mission.

(2) The automatic function shall be achieved by utllizing the
existing LEM configuration and flight plan where reasonable
and practical. The change made will be modifications or
additions to existing LEM equipment.

(3) The automatic LEM mission begins in lunar orbit prior to
LEM-CSM separation and ends, for the purposes of this study,
at touchdown on the lunar surface.

(4) Except for vehicle handling, the crew is allowed to perform
functions that contribute to the operation of the LEM, such
as:

a) manual IMU and backup guidance equipment alignment in
orbit prior to descent.

b) manual insertion of initial conditions into guidance
computer

c) %Qnitoring of automatic Guidance & Control equipment opera-
iomn,

d) manual switching for system activation and shutdown and
override functions as required

2.2 AUTOMATION REQUIREMENTS FOR NOMINAL MISSTION

The functions performed during the nominal mission are
listed in Table I with their present means of implementation,
either manual or automatic. Also shown in the table are the
nominally manual functions which require automation according
to the original ground rules for a completely automatic LEM,
and the revised ground rules listed above.
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2.3.1
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The salient points that are demonstrated in Table I may
be summarized as follows:

(1) Many of the functions required during the nominal mission
are normally automatic.

(2) The revised ground rules of this study allow the crew to
perform most of the manual functions which, if automatized,
would require the addition of significant weight and com-
plexity to the LEM system. In particular, utilization of
the crew avoids the addition of:

- an auvtomatic star tracker and possibly a star pattern
recognition device for IMU alignment.

- equipment to provide for a remote surveillance of the
landing area.

- equipment to implement the normally manual switching,
systems activation and shutdown, data insertion, and
monitoring functions.

Therefore, need for additional equipment under the ground
rules which allow use of the crew will be negligible.

(3) The major problem area that remains is the automation of the
hover to touchdown phase of the mission.

AUTOMATION OF HOVER TO TOUCHDOWN PHASE
General

Studies of the hover to touchdown operations involve in-
vestigation and development of suitable guidance laws, the
evaluation of these laws with respect to satisfying the constraints
of the problem and to being compatible with the flight control
system, and the analysis of the sensitivity of these laws to
guidance system component errors and initial conditions. To in-
vestigate the control system aspects, a simpler model of the FCS
was included in the Proportional Navigation Law studies; and a
more comprehensive model of the FCS is included in the Polymomial
Guidance Law studies.

In the following sections, a typical guidance law that was
studied for the hover to touchdown application is discussed in
detail. This law is the Proportional Navigation Line of Sight
Law. A modification to this law that improves its effectiveness
for the hover to touchdown application is also discussed. The
design and mechanization of the laws are discussed and their
effectiveness in the hover to touchdown application is evaluated.

GRUMMAN AIRCRAFT ENGINEERING CORPORATION
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2.3.2 Constralints

The following more important constraints have been
selected (or dictated by LEM Design) for use in defining and

obtaining acceptable hover to landing guidance law trajectories
(also see Ref. 8).

(a) During Descent

1. Attitude and attitude rate limits -- The LEM thrust
axis should be contained within £30° of the local
vertical. The maximum pitch attitude rates shall have
peaks during descent of less than lO°/sec. However,
during most of the descent, rates should be well below
the peak 1limit.

2. Visibility -- Due to the fact that the vehicle will be
manned, it is considered most desireable to have the
landing sight and horizon in view for the complete
hover to touchdown maneuver. However, loss of landing
sight and horizon for short intervals of time is
acceptable.

3. The reguired components of thrust in the inertial
directions shall be obtained by orienting the main
engine thrust vector via attitude changes.

4., Hover may start at altitudes as high as 1000 ft. with
a zero vertical velocity and some horizontal velocity
less than 100 ft/sec in the direction of the landing
point.

(b) At Touchdown

1. Touchdown Velocities

Horizontal - max. *5 ft/sec
Vertical - max. 10 ft/sec (down only)

2. Attitude rates at touchdown - max. *5°/sec

3. AV used from hover to touchdown - Less than 650 ft/
sec plus the horizontal velocity at hover.

Ly, Attitude at touchdown - max. *5° off local vertical.

5. Touchdown miss distance - This value may or may not be
critical depending on lunar terrain characteristics in
the region of the landing site. Up to the present time,
this value cannot realistically be determined.

(However, it will be shown later that a great number

of the trajectories using the proportional navigation
law which miss their target by an appreciable amount

also violate other touchdown criteria.)
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2.3.3 General Trajectory Conslderations

Although it would be desirable to achieve successful tra-
jectories under all hover velocity and target renges conditions,
it should be recognized that this goal can not be realistically
attained. This is basically due to the fuel (or AV), thrust,
and attitude limitations imposed. In many cases, the optimum
vehicle attitude for visibility conflicts with the optimum for
achieving the target point. For example, a high horizontal
residual hover velocity may be useful in providing extended
downrange distance but also results in great difficulty for
landing within shorter ranges. To null this horizontal velocity
rapidly would require high thrust levels coupled with large
vehicle X axis deviations from the nominal vertical pitch attitude
which would conflict with visibility and sometimes attitude rate
restrictions. Limitations of approach velocity and target range
values, together with judicious choice of guidance law gain
constants has resulted in the generation of acceptable trajectory
families for the applicaticn. This technique can in addition
produce acceptable touchdown conditions and this is demonstrated
by the work performed on the Proportional Navigation Law. It
is also possible to cut off the law at some low altitude above
the surface and replace it with a throttling back command for a
vertical descent in an attitude hold mode until touchdown. This
technique was applied to both the Polynomial and Proportional
Guidance laws with success.

The ability to keep the landing site within view is a
function of the trajectory (altitude and range) and LEM attitude
at each point. A means of improving the visibility to the landing
point is to initially introduce a downward acceleration, which
results in a "sagging" type of trajectory. Figure 1 shows two
types of trajectories which may be obteined. "A" is obtained if
a horizontal velocity is present at hover and "B" would be ob-
tained if an initial downward acceleration were introduced in
addition to the initial velocity.

Table 2 presents a comparison of some of the relative
advantages and disadvantages of the two trajectories. It is
considered that the "B" type trajectory is most advantageous
especially with respect to the important visibility consideration.
It is also possible to improve "B" to get some of the advantages
of "A" by providing a cut offto the guidance law and introducing
a vertical descent at sufficiently high altitudes above the
lunar surface. In addition, as will be seen later in the report,
trajectory "B" is obtained from an adaptive form of the Pro-
portional Law so that the disadvantages of "B" for distant
targets can be almost completely offset by commanding reduced
downward accelerations.
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View of landing point

View of ground before
landing point

Change in landing
site

Landing on terrain
which is peaked or
rubble surfaced

IOOOF T.

TABLE 2 - TRAJECTCORY COMPARISON

A
Lose view while still
near maximum altitude.

Ground is not within
close view until final
vertical descent is
underway

Should be more capable

for achievement of further
downrange targets, since
vehicle remains at higher

altitude for most of
trajectory.

Superior since final
touchdown path is more
vertical.

ALTITUDE

B

B
lLanding point in sight
for essentially the
whole maneuver.

Closer view of ground
earlier in flight.

Has an initial downward
velocity which decreases
the altitude early in
the flight. This is
favorable for achieving
close in targets.

Tends to approach on a
glide slope more suitable
for landing on flat
surface.

TA ET
| == Lo

RANGE

Figure 1 - Comparison of Trajectory Shapes

POINT
1000 FT.

FORM G329 REV 1 8-64
Contract No. NAS 9-1100
Primary No, 663

REPORT  TED-540-15

DATE 2k November 1964

GRUMMAN AIRCRAFT ENGINEERING CORPORATION

CODE 26512




73

PacE 10

LED-540-15

ATE

~GONHBENAL .

(THIS PAGE INTENTIONALLY LEFT BLANK)

Contract No. NAS 9-1100

ol November 196IREPOR m Primary No. 663

GRUMMAN AIRCRAFT ENGINEERING CORPORATION




PAGE 11

. 3.0 BASIC & MODIFIED PROPORTIONAL NAVIGATION LINE-OF-SIGHT LAWS

3.1 INTRODUCTION

In this section, the GAEC study (Ref. 5, 6 and T) which
attempted to apply L. Cicolanis' Proportional Line of Sight
Navigation Guidance Law (Ref. 4) to the hover to touchdown
problem will be discussed. Although this law had been applied
with success for other phases of the powered descent (Ref. 10),
it had not previously been applied for the hover to touchdown
maneuver. The discussion which follows presents the Basic
Proportional LOS Law first and then Modified Proportional ILOS
law (called MIOS) which appears to be better suited to the
hover to touchdown phase (Ref. 5).

3.2 THECORY OF BASIC IOS LAW

Ref. (4) has derived and presented the guidance law for
acceleration required with respect to an inertial frame for the
Proportional Line of Sight Navigation Guidance Law, It is pre-
sented as equation (1) below.

f=V+2WIaXV+wIaX(wIaXR)+(ft'fv) (1)
where
. f = thrust acceleration vector of the vehicle, or thrust

force per unit vehicle mass. This determines the required
vehicle thrust magnitude and direction.

F = external acceleration vector or force per unit vehicle

v . . . .
mass acting on the vehicle (gravity, aerodynamic, etc.,
as applicable). This force is defined positive along
V and W_ x V.
R

- 29

ft = acceleration of the target d Rza (with respect to an
inertial frame). Jt*

WR = vector angular velocity of line of sight between vehicle
and target.

WI = angular velocity of the reference frame with respect to

8 an inertial frame.

R = vector LOS range between vehicle and target. Positive
from target to vehicle,

V = relative velocity between vehicle and target (R), always
positive since this is the reference.

LJ se

V = relative acceleration between vehicle and target (R) which
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would be commanded by the guidance law if there were no
target motion, or target coordinate axes rotation of the
) . reference frame, or external vehicle forces.

Equation (1) may be simplified, since it is determined that
there are no rotations of the reference frame relative to the
inertially fixed coordinate system, or accelerations of the
target point. The reference frame is centered at the target

i +
point. As a result WIa X (W x R), T £ WI are all

zero, and (1) reduces to
F=V-*~
v

(2)

2
The expression for V (the relative Proportional Guidance lLaw
acceleration command) is derived in Ref. 4, and given below:

=V [(S -2)Cos L=~ (S-K+1) ﬁv + SWR x vi] (3)
R a

where (also see Fig. 1)

R = scalar range

V = scalar relative veloclty between vehicle and target,
Vo = initial value of V

S, K = are guidance law constants

L = the lead angle, i.e., angle between the relative velocity
vector and the negative line of sight to the target point.

WR = vector angular velocity of line of sight

X = flight path angles measured from velocity vector v
to the local horizontal

The expression (3) is composed of two perpendicular vector
components. One is along the velocity vector (See Fig. 2),
direction Uy, and the other (SWR x V) is perpendicular to the
velocity vector. The expression (3) may be substituted in (2)
to obtain the inertially referenced acceleration vector command
or force per unit mass required.

— 2 1 - - - = ]
f-v (s -2)cosL~-(S-XK+1) SinL u_ + SW_xV - f
= K T v R v
(4)
The only net external acceleration or force per unit ﬁaés

acting on the vehicle is gravity and this acceleration may be
resolved along the vector velocity and its perpendicular
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(in this case, planar flight) if the flight path angle (K) is
known.

Assuming a configuration of velocity vector, local vertical,
local horizontal, vehicle and target point as shown in Figure 2,
it is seen that the gravity component will be in the direction
of the N and V vectors. Therefore the gravity terms are sub-
stituted in (h)_for fy with a positive sign, since fyv is defined
positive along N and V. The result is that the gravity terms
are subtracted since fy has a negative sign in (4) and the f
thrust is as follows:

_ 2
f =

[ﬁ(s - 2)CosL - (8- ka l) Ev - g sinlf s (Ev) (5)

ol <

+ SW x V-gcCosl e (u¢ X uv)

where u 5 Gv.are unit vectors representing LOS rotational and
velocity vector directions respectively.

The components of f may be listed as the acceleration ajong
the velocity vector (Vc) and normal to the velocity vector (Nc).
They are defined as follows:

—_— KN -2
f:VC+NC

s o .
where V, =V I:(S -2)Cos L - (S - K ; l) Sin %] - g sinl (6)
R
ﬁc = 8- IWRl . ‘_V: | . Sin (¥ between WR and V) - g cosYf
ﬁc may be reduced further since ﬁR‘ =V Bin L
R

>
N, = s (% Sin L) « (V) Sin 90° - g Cosy = s-%SinL - g Cos¥

(1)

Note that the angle between WR and V is 90°. Therefore
the acceleration guidance law commands may be expressed as follows:

Along the velocity vector (V)

L 22
R

{(S - 2) Cos L - (8 - K ; l) Sin L. g sink

Normal to the velocity vector (in direction E¢ X Uy)

2

* V qs
Nc = Sﬁ S5in L - g Cos¥
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3.3

The commanded angle (£ ) of the acceleration vector relative
to the velocity vector V is specified by the equation

OC = 'tan-l (1‘\]'c Ta

[

and the commanded angle with respect to the local horizontal is

8, =f§ +K
c U.+ To

THEORY OF MODIFIED IOS LAW

L. Cicolanis's LOS Proportional equation (Ref. 4) is readily
adaptable to automatic feedback system usage since it generates
vehicle commands directly based on vehicle state data. It has
been used for several analyses concerned with powered descent (See
Ref. 10), and it yielded satisfactory results in that it produced
near optimum AV trajectories. One obvious fault with the basic
law (for the hover to touchdown phase of the flight) is that a
literal hover condition results in no guidance command (except
enough to offset the gravity forces, see equations (9) and (10).
This could result in a continually commanded hover condition,
which would be intolerable for this phase of the mission.

A. Bierman, in a GAEC memo, Ref. 5, presents a modification
to the Cicolani's Proportional Navigation Law, which was developed
to overcome the above difficulty. In order to preserve the basic
nature of the unmodified Proportional Navigation Law, it was
decided that only the external force portion (the gravity terms)
would be modified and theat phase~in of the modification would occur
at start of hover and phase-out would occur as soon as vehicle
velocity was brought up or down to a value acceptable to the basic
guidance law. The acceptable value of desirable velocity is
obtained from equation (10) once the time of flight is selected.
The other quantities (L and R) are known and K is selected.
Since the vehicle thrust-to-weight ratio ranges within narrow
limits for this phase and the AV used is small, in relation to the
glsp product, AV increases nearly linearly with time. Therefore,
controlling time, indirectly controls AV in a near linear
fashion. The Modified Law therefore provides a strong influence
on the control of AV independently of XK. For this phase of the
mission, when the remaining fuel is approaching the minimum, this
is regarded as a desirable feature.

In addition the Modified Guidance Law contains an adaptive
feature, as implied previously. The modification to the basic
law tends to bring vehicle velocity conditions from a region which
would present great difficulty to the Basic Law (in meeting various
constraints specified in section 4.0) to values which are more
easily handled.
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The equations derived in Ref. (5) for the Modified Guidance
law are presented as follows:

. 2
2 v K+ 1 ) o as
Ve=% |(8-2)Cosl- (s-"%5) sinL| -G (V/vr) sind (8)
2 v
where: NC = ?T-Sin L+G (V/VR) Cosb’ (9)
y(t)
- (T e'g
Vg = velocity required
KR L
= Vg (t) Tf Sin L (10)

T = Tfo - t = time of flight remaining from total pre-
selected time (Tp,) after time elapsed, t.

y(t) = ¥(t) = E%:—%i), t, & t £ tp = function  (11)

which describes a continuous transition from the G (V/VR) coefficient
of Modified Guidance law to the Basic Guidance Law coefficient g.

1

tl the time at which the modified factor starts to be removed
to

the time when the transition from Modified Guidance Law to
Basic Guidance Law is completed.

Note that for t between O and %1, y (t) = 1. (by definition). For
t between t1 and tp, v (t) =(tp - t) and for t> tp, v (t) = ¥
(t) = 0 (by definition). (t2 = 1)

The affect of the transition factor is to have the second
terms of both (8) and (9) start out at beginning of hover as

%Eg. At t = tl)y; is forced to approach unity by a linearly
v

varying function of time (11),in the exponential. Then at t = to
the second term equals g and remains there. At this point and
thereafter, the Modified Guidance Law, (8) and (9), and the Basic
Guidance Law (6) and (7), are identical. The remainder of the
trajectory would be the same as that which would occur if the
Basic Guidance Law were used, with the initial and boundary condi=-
tions which exist at the point of switchover. In general, these
conditions would have been made more favorable for the Basic Law
‘takeover.

Examination of the vector dlagram in Fig. 2 and consideration
of equations (8) and (9) and in particular the V g term convey
VR
the adaptive feature of the Modified Guidance Law in further detail.
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First, it is seen that for large values of V (those which exceed
the required value (VR) as determined in (10)), an acceleration in
8 direction opposite to that commanded by the guidance law is generated
wHich exceéds the gravity compensation force normally generated under
the Basic law by the ratio V. . The net result is that an upward
'\,T
thrusting force is commandetho the vehicle,

Second, it is seen that for small values of V (those which are
less than required (VR)), a net force which is less than that re-
quired to offset gravity is commanded. This results in an increase
in the total velocity wvector due to addition of a downward component
of acceleration to the vehicle., This occurs until the velocity in-
creases to the velocity required or until t1, whichever occurs first.
Due to vehicle attitude constraints, acceptable means of obtaining
the increased downward velocity component is to reduce vehicle
thrust to a minimum (the other alternative would be to invert the
vehicle, which is clearly undesirable at this point). This value is
limited to approximately .77 lunar g with minimum thrust of 1050 lbs.
The result is a max. downward acceleration of 1.2 ft/sec2 (vehicle
mass of 366.23 slugs used).

An additional beneficial factor which results.from the downward
acceleration is improved visibility of the target landing point.
This occurs since a downward acceleration tends to produce a sagging
trajectory, which by the geometry of the trajectory and location of
the target point reduces the magnitude of the LOS angle from the
horizontal, and therefore increases the chances for an unobstructed
view through the LEM windows. It should be noted that the Basic LOS
law produces a bowed trajectory with a horizontal initial velocity.
(See 2.3.3 or Ref. 5 for a discussion of trajectory shape desired,)

3ok DIGITAL COMPUTER SIMULATION PROGRAM (See the Appendix for further
detail)

3.4.1  Introduction

The Proportional Navigation Guidance Law was programmed on a
digital computer for use in simulations of a lunar landing from hover
to touchdown. The digital computer simulation included the LEM
vehicle rotational and translational dymamics, equations of motion,
and a math model of the LEM sensors and guidance system computational
functions. An IBM TO94 digital program was used to simulate the
above menticned functions. The program was designed to simulate
planar motions of the LEM vehicle with three degrees of freedom (two
translational and one pitch rotational).

3.4.,2 Program Content and Capabilities

The program contains the following characteristics and capa-
bilities:
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(1) A functional representation of an inertial platform with two
) orthogonally mounted integrating accelerometers lying in the
plane of motion. The model permits the insertion of the
following error sources: accelercmeter bias errors, fixed
platform drift rate, and initial platform misalignment.,

(2) A functional representation of a two beam doppler radar whose
outputs correspond to local vertical and horizontal measure-
ments. The specific radar outputs are: altitude, altitude
rate, and horizontal velocity. Provision is made to permit
insertion of scale factor and bias errors in each of the
three output channels, and to reflect the effects of platform
misalignment,

(3) A throttleable main engine which thrusts along the LEM longi-
tudinal axis. The engine is limited between an upper and
lower thrust level, while the response is characterized by
a simple first order time constant.

(h) Attitude control dynamics are represented by a linear second
crder system with rate and position feedback. This representa-
tion 1is rather simplified but adequate for purposes of the
study. However, a more rigorous dynamic representation of
the LEM vehicle was used in Polynominal Law study (Reference 16
and Section L),

(5) A functional representation of a spacecraft digital computer
which performs the navigation, guidance, and control computa-
tions, including the updating of target position and LEM
velocity on the basis of radar and IMU information. Initial
errors in position and velocity can be inserted into the navi-
gation loop.

The following vehicle characteristics were used throughout the
analysis:

Initial mass = 366.23 slugs
Initial pitch inertia 9105.0 slug-feet
Descent engine time constant O3 seconds
Specific impulse of main engine fuel 300,00 seconds
Computer. sample rate 2 cycles per second

il

3e4.3 Functional Description of Program (See Fig, 3.)

The guldance system consists of the IMU, doppler radar, and
the spacecraft digital computer. The spacecraft computer calculates
inertial wvelocity and position on the basis of IMU information.
Simultaneously, the spacecraft computer, using the IMU as an atti-
tude reference, calculates the local vertical and horizontal velocity
components and the LEM altitude on the basis of the radar outputs.
The navigation computer position and the doppler velcecity components
are then processed to yield updated inertial velocity components.
The navigation computer position and the radar altitude measuremert
are used to update the target position. The updated information
provides the inputs to the guidance law from where thrust and steering
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/ commends are issued. The system accuracy, independent of sensor
1 errors, 1s dependent upon the computation rate. For a camputation _ ‘
' rate of 2 cps, the following navigational accuracies are attalned
after 120 seconds of real flight time: position error of 0.2 feet,
velocity error less than 10~> feet per second, error in predicted
target altitude of 1 footb.

Figure 3 is a functional block diagram which describes the
general computational flow of the digital program used.

The guidance compubtation (employing the Modified Proportional
Navigation Law) accepts navigational inputs such as LEM velocity
(V) and position vector (¥ = r, P). It also accepts target position
vector (ft =Ty, ¢t) inputs. From these inputs the guidance law

commands a thrust magnitude command to the engine (Tc) and a LEM
attitude pitch command (Qn) to the vehicle attitude control system

(box entitled "Pitch attitude and engine dyneamics"). The vehicle
attitude control system and the engine respond to the commands re-
ceived and the output are actual dynamic vehicle attitude and
thrust achieved. The "actual" dynamic thrust magnitude (Ta) and

direction (Gc) are applied to the LEM vehicle to produce transla-

tional motion in the lurar gravity field environment. The outputs
of the tranmslatlonal dynamics box shown are actual LEM vehicle
velocity (Vé) and pogition vector (ra)° Since translational dy-

namics result in vector acceleration, there is a change in the '
velocity vector ( lﬁkvta). It is possible to calculate this and

use it for a simulated input to the IMU sensing box to represent
vehicle acceleration. The IMU senseg vehicle acceleration and reads
out "measured" veloccity change ( A X, A Ya) to the navigation

computational block. The navigational function integrates accel-
erations twice by summing velocity and position changes to produce

LEM vehicle positiocn vector (rM = ¢M’ rM) and LEM velocity vector

as measured. At this point the computation loop is closed by
feeding velocity and position data to the Guidance law box. The
IMU computation may accept measurement errors such as accelerometer
bias errors, platform drift rate arnd initial platform misalignment,

The translation dynamics computational output of vehicle
position vector (ra) is fed irnto the lunar surface simulation box.

The input of surface slope and the altitude of the target surface
point above the lunar mean radius allow computation of vehicle
altitude (ha) above the sloped lunar surface. This altitude serves

as an input to the radar so that the radar sensor measurement may
be simulated. Altitude range measurement errors also may be in-
cluded. Based on the radar altitude measurement and previous navi-
gation computations of X, Z (LEM position vector coordinates re-
ferred to the inertial reference systems) the value representing

updated target radius is computed and transmitted to the guldance .'

law computation boex. The target angle irput to the guidance law
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is pre-selected.

_ The translational dynamics output of vehicle velocity vector
(Vé) is also an input to the radar box so that computation of alti-

tude rate measurement and horizontal velocity error will affect the
computation of simulated radar measured values.

The total radar measured velocity values are fed into the up-
date velocity computation where they are combined with nayligational
inputs of target position (X, Z). The updated velocity (X, 2)
components of the vehicle are outputs which are fed to the navigaticn
box for use in determination of the updated vehicle velocity vector

(7).
3¢5 DISCUSSION OF BASIC LOS LAW
3e5.1 Theoretical Aspects of Gain Constants and Initial Conditions

35411 Introduction -

The Basic Proportional Line of Sight Navigation Law has two
constants K and S (see eq. (6) and (7) in Section 3.2) which affect
the characteristics of the vehicle's trajectory (shape, time of
flight, AV used, attitude and attitude rates, velocity profile)
and which, in turn, are sensitive to such initial conditions as ve-
hicle velocity, vehicle attitude and target downrange distance. In
the following sections, a theoretical discussion is presented on
the limitations on K and S and their interactions with initial con-
ditions for the Basic Proportional Law.

3e5ele2 Lower Limit on Constants -

Reference 4 states some of the theoretical limitations on the
galn constants. They are agaln presented as follows: I order to
avoid a singularity in the guidance law as both range and velocity
approach zero, K must be selected so that it is equal to or greater
than 2. See equations (6) and (7) in Section 3.2. Also S mist be
greater than 2/K. If K= 2, then S must be greater than 1. However
the reference points out that peculiarities in the trajectories
could occur for values of 8 less than 2. Even though successful
trajectories could be obtained, S was restricted to values greater
than 2. This would insure that the acceleration command term
approach zero as range tc go and velocity are reduced to zero. Thus
to summarize, the values of K and S are constrained as follows:

K>=2

(1)
s > 2

The refererce states that the lead angle, i.e., the angle between
the velocity wertor and the target line of sight (see Fig. 2),
monotonically approaches zero as the vehicle approaches its target
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S 1

(2)

v Vv

K L

Therefore, if (1) is satisfied, then the lead angle conditions re~
sulting fram (2) will also be satisfied.

3.5.1.3 Effect of Constants on Trajectory Shape and Time -

The shape of the trajectory is determined by S and the initial
lead angle (LO). The smeller the lead angle, the tighter (closer

to the line of sight) the trajectory, which is to be expected. In
addition the trajectory path gets tighter as S increases. It should
be noted that S does not directly affect time of flight.

The time of the maneuver is affected by the value of K as may
be seen by the formula:

_ . R L
t = Ko O (3>

v ' “sinL
[@]

But it should be noted that K does not affect the trajectory path
shape.
v 2
Applying formula (11) from Section 3+5.1.5 0 <: g
R 2
L . o]
and (3) above, and the approximation o - 1, the relationship
s L
between K and S for an initial altitude of 1000 ft. above the lunar
surface, is found as follows:
K RO
tf =
v
o}

The AV constraint is met if tf <: 120 sec. Therefore the in-
equality
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Substituting 3a in (11), it is determined that

_Kg__ _8
1202 Sho

Lo << g(120)°
ho
for ho = 1000 ft. and lunar g = 5.31
s < 77 (3b)

The formula places a constraint on the KES product based on AV from
( 3) and initial attitude limitations (fram (11)). It has been
found that greater K's (see discussion on Fige. 8c in Section 3.5.2.5)
result in lower attitude rates at touchdown especially for high
initial velocities. (TIncrease of K essentially prolongs flight time
to allow the law more time to null higher velocities,) To get the
largest K possible for mulling high velocities, (3b) is employed
with the lowest S allowed. From (1) Section 3.5.1.2 S > 2,

S = 2 substituted in (3b).

Therefore

K < 385
kK £ 6.2

If the attitude constraint is applied fram (11) (Sge Section 3.5.1.5).
Note that this attitude constraint is minimal and only prevents the
vehicle fram tilting back below the horizontal).

(3e)

2
v
o <: £
2 Sh
R O
o]
Then with values of 5 = 2.1, ho = 1000 ft., lunar g = 5.31,
RO = 1440 ft.
v g . R
° Sho ©
< 5.3 o 1hko
2 x 1000
v, < Th.2 ft/sec. (3a)
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Note that the minimum value of S allows the largest Vo velocity to

result in inequality (3d). This partially explains why S = 2.1
was selected for case 2 in Section 3.7.2; il.e., to extend the high
velocity end attainable with the basic law without exceeding the
attitude constraint.

To further discover the effect of K and S and initial con-
ditions on other factors such as pitch attitude, attitude rates,
fuel usage, and time of flight, GAEC (see Reference 2 and further
Section 3.5.2 in this report), did some analytical and empirical
investigation into the effects. -

305elolt Initial Horizontal Velocity and Range Limitations Affecting the Time
of Flight and AV Budget -

It has been empirically determined that the AV budget will
not be exceeded if the time of flight is less than 120 seconds for
the maneuver under consideration. Using this value of time, it can
be shown (Reference 2 or from Equation 3) that if I is limited be-
tween 0+° and 90° and K 2 2 (choose K = 2, the value which makes
A% smallest), the minimum initial horizontal velocity to achieve

min
a downrange target at R0 slant range distance may be expressed as
Yo T (1)
i 60

min

il® »

for a 1000 ft. downrange target and an initial altitude of 1000 ft.,
v, = 23.6 ft/sec. It may be seen from (3) that the minimum
min
required horizontel velocity increases as the target downrange dis-
tance increases. The formula indicates the smallest initial velocity
for which the target should be achieved by the vehicle within the
120 second time limit, which is concomitant with the AV budget.
It should be noted that this minimum value of velocity does not
necessarily insure meeting other constraints such as attitude, atti-
tude rates or touchdown velocity. However, even though equation (L)
does not insure meeting all constraints, it does give a minimum
velocity bound (on a time basis) for the Basic Proportional Law,
below which the desired trajectory cannot be achieved. The equation
(4) does not apply to the Modified Proportional Law directly (pre-
sented in Section 3.3), but may be applied together with (3) to give
insight into the relationship between initial velocity required and
range. It may be stated in passing (refer to Section 3.3 for more
detail) that the Modified Law must raise the vehicle velocity to a
greater minimum velue as indicated by application of (4) as the
initial slant range distance (Ro) to the target is increased.
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B3e5¢165 Initial Attitude Command Constraint Requirements Affected by Initial
. . Velocity and Other Initial Conditions -

The angles ¥ ang L are defined as in Section 3.2, Figure 2
and textyand Figure 7 in this section. The angle commanded with re-

spect to the local horizontal (Qc) depends on the direction of V and
ﬁ, since ﬁé and VC are referenced fram these quantities. The equation
for Qc is expressed as follows (see Equation Ta and Tb, Section 3.2

and Figure 1),

]
c

I

360 - (& +C) (5)
where

ol

tan "t (?b) 7 (6)
Ve

If the vehicle has only a horizontal velocity (zero vertical velocity),
then ¥ = 0 and

6 = 360 - &£ = 360 - arc tan (EE) (1)
v

c

c

If the guidance law equations, Section 3.2, Equation (6) and (7) are

‘. substituted in (7) above, it is seen that a fairly complex relation-
ship exists in the detemmination of Qc as follows.

2

"S5V g Y 8)
gc - 360 - tan_l B S5in L + g Cos (

—

; - K+1 Si 1 .
—Rﬁ Es- ? Cos L - (8.~ T) ;—n']' g Sin8

The largest pitch angle off vertical occurs at the initial portion
of the trajectory. In order to determine an upper bound on initial
velocity, as related to initial pitch angle, an upper bound initial
pitch angle offset from the vertical is specified. This value is
chosen to simplify the results of (8) as well as to constrain the
vehicle attitude.

Tnspection of (8) shows that the denominator V. is negative
for the ranges of constants under consideration. For the arc tan

Nc to result in the right Gc command (between 90o - 1800), it must

-

A
c
fall in the range betwesn 270° - 180° (see Eq. (7) ). This will be

true if Nc_g( 0.
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3.5.1.5 (Cont.)

Therefore
SV2
gCosX'-—-R—SinL<O (10)

To constrain the angle between limits, such as 600, and
120°, the right hand side of the inequality (10) could be
obtained by substituting the angle in left hand side of (8) for the
desired O, limits. However, this would require teking into accourf
the denominator of (8) which affects the result quite radically
since the bracketed quantity tends to be small and varies with
changes in the constants and lead angle L. As a result it was
decided to apply equation (10) to simplify the results. This would
constrain the vehicle initial attitude to a maximum of 90  back
off the verticel.

Then upon substitution of Sin L = Eg and ¥ = 0 in (10),

B

the expression becomes

SV ° h
(o} fo)
[¢] [e}

2 2
or VO < gh o
Sh

(o]

(11)

g

Vol]zn- B
o]

This inequality (11) indicates an upper bound for initial
horizontal velocity, provided the denominator of (8) is negative.
Calculation for the values, lunar g = 5.31, hO = 1000 ft. and
S = 3.1 determines the inequality

Vo <;.O51 RO
' R
or v o]
(o] <: §6

If the preceding paragraph 3.5.1.4 is referred to it is
seen that both an upper and lower bound for velocities is now
obtained, based on initial maximum attitude and time of flight
constraints as

(12)

R R
v 13
%< 0<% (13)
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3.5.1.5 (Cont.)

Equation (11) indicates that the upper velocity bound
tends to be reduced as S incrsases due to the fact that the
attitude constraint may be exceeded. However, the effect is
more complex for restricting pitch back off vertical to a
specific value less than 90° and the affect on the denominator
of (8) must be studied for changes in S to get the total effect.

3.5.2 Computer Simulation Study of Gain Constant & Initial Condition Effects

3.5.2.1 General -

The LEM hover to touchdown phase was simulated by means
of the IBM TO94 digital program described above. For the runs
depicted in figures 8a, 8b and 8c, the following conditions were
applied:

initial slant range (Ro) = 1414 ft.; initial altitude (hgy) =
1000 ft.; downrange distance (d,) = 1000 ft.; guidance law gain
constant S = 2.1. A discugsion of the results follows.

3.5.2.2 Relationship Betwesn Guidance Iaw Constants, Initial Velocity
and AV Reguired -

Figure 8a shows the relationship between K the guidance
law constant, the vehicle initial horizontal approach velocity (Vo)
at the hover point, and the AV required to complete the hover to
touchdown meneuver. It is seen that as K is increased for a
given initial velocity that the AV required increases in a
near linear fashion. This is as predicted by equation (10)
in Section 3.3 if the approximation of a linear relationship
betwesn AV and time is assumed (in the same manner to that
which is pointed out in Section 3.3). The Figure also shows that
for a fixed K, the AV required varies inversely with the initial
velocity; also as would be expected from equation (10)and a A V-
time linsar approximation.

Two of the boundary limit lines shows in the Figure (8a)
are obtained from previous discussion; i.e. K = 2 is determined
from Section 3.5.1.2 and the upper AV limit = 640 + V, is
obtained from the constraints Section(2.3.2.b). The third limit
line, which closes the cross hatched area in Figure 8a, corresponds
to the attitude constraint, @ = 120° max. The boundary line is
obtained by picking off the corresponding values of K and V, from
Figure 8b and plotting them on Figure 8a. The cross hatched
area in Figure 8a therafore represents the total set of values
of the guidance law gain constant K, as a function of initial
velocities, that satisfies the pitch attitude and AV constraints.
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3.5.2.3 Relationship Between Guldance law Constants, Initial Veloclty
and Resulting Vehicle Initial Pitch Angle -

Figure 8b shows that for lower velocities, the initial
attitude angle is not greatly affected by K, which would be veri-
fied from an examination of equation (8) in Section 3.5.1.5.
(Note that as K varies from 2 to L, (K + 1 ) varies from 1.5

X
to 1.25 therefore affecting the value of tan © by a very small
amount in comparison to the changes in K).

If (8) is further examined, it is seen that the tan o,
varies inversely as the square of the velocity. (g Sin¥ = 0).
And since the tangent is very large for angles near 900 any
reduction in the tangent magnitude by increase of elocity value
will move the angle away from the 90° orientation as indicated
in 3.5.1.5. 1In this case the angle moves away from the 90°
vertical so that Gi changes in an increasing direction. The
Figure 8b bears out the conclusion that as the horizontal initial
velocity increases the vehicle pitch back off the vertical
increases.

3.5.2.4 Relationship Between Guidance Law Constants, Initial Velocity and
Resulting Vehicle Pitch Rates at Touchdown -

Figure 8c is a plot showing the relationship between
initial velocity end guidance law gain constant K as affecting
the angular rate at touchdown. ZFor all ranges of initial
velocity (from 30-T70 ft/sec) the landing limit of 5°/sec is not
exceeded provided K_2 2.5. For the ranges of velocity of
30-55 ft/sec KZ2 approximately 2.2, For k = 2 the velocity
must be limited to below 40 ft/sec to insure an angular rate
below the So/sec maximum., Figure 8a could reflect these limita-
tions by removing the shaded portion along the V Lo ft/sec
line to K = 2.2 and the K = 2.2 line from 40 ft/sec to approxi-
mately 55 ft/sec. As shown in Figure 8a, the piece formed by
the dotted line would be removed.

3.5.2.5 Implementation -

The charts in Figures 8a, b and c suggest a possible im-
plementation procedure which could be applied to allow successful
landings to be completed using the (basic ummodified) Pro-
portional Iaw. It would be possible to check initial wvehicle
velocity (using the radar or inertial system) and the K gain
value against a chart of X, V, values (either manual or
automatically). If the X and V, values are away from the
optimum boundaries, the K value may be changed to obtain better
trajectory results. For example, if high approach velocities
exist, Figure 8c and Figure 8a suggest a good tradeoff. Assume
an approach velocity of 60 ft/sec. with a K = 2. 5; therefore
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3.5.2.5

{Cont.)

A v =280 ft/sec, which is well below the allotted amount.

The angular rate at touchdown is 2.59/sec. If it is desired
to reduce the touchdown angular rate, it can be done at the
expense of AV by increasing K to 3.5. This will result in a
touchdown rate of approximately .50/sec while increasing the
AV to 475 ft/sec, still well within the AV budget. Figure 8b
shows that the initial pitch angle also increases by 8° to
1389, so that the landing site is lost initially for a short
time. However this situation is rapidly corrected and a much
better terminal trajectory is obtained as a result.

At the opposite extreme of low approach velocities another
favorable tradeoff may be transacted. For K = 3.0 and Vo = 30 ft/sed
Figure 8a indicates that the AV budget would be exceeded. If
K is reduced to 2.0, however, the trajectory is within the AV
budget. This is accomplished at an increase in touchdown
angular rates as may be seen in Figure 8c from nearly 0°/sec
to 29/sec. If the AV remaining were considered an obsolute
maximum, it would be incomparably better to touchdown with a
higher angular velocity (still well within constraint of 5°/sec)
than to run out of fuel while at some distance from the lunar
surface.

The figures do not show other important final conditions
such as horizontal and vertical velocity at touchdown, attitude
at touchdown and miss distance. These were not included since
they are well within the 1limlit conditions. (Sample values are
given in Table 1.)

The same type of runs, may be performed with S, K and V, and
even R, and h,, as variables, to examine possible tradeoffs
obtainable for changes in 8 and K. When completed, the in-
formation could be stored in some manner and used to obtain the
best trajectory available with the prevailing initial conditions
that the vehicle enjoys (or does not enjoy). The application
of this information would add an adaptive feature to the guldance
law and result in improved trajectories for many cases.

The previous date presented was limited to the application
of the Basic Proportional ILaw at downrange distances of 1000
feet. Table 3 shows the results of some sample trajectories with
varying downrange distance (constant 1000 ft. initial altitude)
and varying initial velocities both for the basic LOS law (108
stands for line of sight reprzsenting the Basic Law). Note that
the ratio of RO is held constant for all runs at approximately

T
\O
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3.5.2.6 {Continued)

50 to 1 and satisfies the requirements of (13) Section 3.5.1.5
(although it is near the limit of the left hand side). It

also may be seen the touchdown conditions are well met except for
the one parameter in the case of dy = 4000 ft. (attitude at
touchdown exceeding the constraint limit by 1.9°). At this

point it should be noted that if the RO/VO ratio were not within
the bounds of (13) required touchdown conditions would not be
well satisfied. Although no runs have been performed for varying
downrange distances with the Modified law 1t is expected that
there will be no improvement in the attainment of greater down-
range distances if initial velocities are low. This is due to
the fact that, there is essentially an additional downward
gravitational component commend initially introduced by the
Modified Jaw to build up vehicle velocity as discussed in

Section 3.3.

For close in and moderate ranges and high velocities, the
Modified Iaw is capable of showing a greater improvement over
the Basic Law. This would also be the case for low velocities
and moderate ranges.

The second half of Table 3 (labeled MIOS standing for
Modified Line of Sight or Modified Basic Law) shows date for
moderate ranges and velocities varying from 40 to 80 ft/sec.

In addition X is varied and S is held constant. It is seen from
examination of the quentities listed that acceptable trajectories
are obtained for all values of K. It is expzcted that plots
similar to that shown in Figure 8 for the Basic and Modified

Laws for 2000 feet downrange distance would show more values
outside the constraint limits for the Basic Law than for the
Modified Law. This is due to the inherent adaptive feature of
the Modified law as pointed out in Section 3.3. A more detailed
discussion on the results of application of the Modified Line of
Sight Guidance Iaw is presented in the next section.

3.6 MODIFIED I0S GAIN CONSTANTS & INITTAL CONDITION EFFECTS

3.6.1 Introduction

As indicated previously, the Basic Line of Sight Proportion-
al Iaw is characterized by a minimum critical velocity below which
the vehicle cannot reach the target in the specified time, and
therefore, the allotted AV budget is exceeded. The extreme
case would occur with a perfect hover or zero velocity vector at
the hover point, where the guidance law would not issue any
commands (except to offset gravity). This resulted in the
development of & modification to the Basic Iaw as described in
Section 3.3. A summary and digestion of the results of computer
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3.6.1 (Continued)

runs which apply to the Modified Law is presented. In the cases
which follow, the gain constant K and the initial velocity Vo
are varlied. The affect on miss distance, AV, initial pitch
attitude, and attitude at touchdown are presented for downrange
distances (dg) of 1000 and 2000 ft. The S gain constant is held
at one value (S = 2.1) for all rums.

3.6.2 Miss Distance as Affected by K Gain and Initial Velocity

Figures 12 and 16 illustrate the effect of changing K and Vg4
on touchdown miss distance from the target point. As previously
pointed out in the constraints, Section 2.3.2, the requirements
for miss distance are not well defined, so that no absolute pass-
fall criterion can be specified. However, study of the figures
will show excesses and trends in the effects of K, Vg variations
on miss distances. Figure 12 1s for a 1000 ft. target downrange
distance and Figure 16 is for a 2000 ft. target downrange distance.
For the 1000 ft. distance, if V, is held between 20-100 ft./sec.
and K is held between 2.5 and h,O, miss distances are very small
(near zero in most cases, one max. case at 15 ft.). For the
2000 ft. distance if V, is held between 60 (perhaps lower) and
100 ft/sec. and K is held between 2.5 and 4.0, the miss distances
are very small, The above comparison reflects the need for
additional horizontal velocity as the downrange distance is in-
creased. If K is held to between 3 and 2.5, then the velocity
range can be expanded from 40-100 ft/sec. These results show a
fairly large region of K and Vg values for successful operation.
However, they do suggest the advisability of biasing the approach
velocity on the high side since high velocities (up to 100 ft/sec.
or possibly better) are handled very well from the standpoint
of attaining the target point with a minimum miss distance. It
should be pointed out, however, that there are several high
velocity trajectories for the Modified Basic Proportional Law
where although the initial tilt back angle 1s kept reasonably
small and overall visibility i1s initially improved, the vehicle
overshoots the target but reverses itself while in flight and
makes perfectly acceptable landings without missing the intended
target point. On the other hand, the Basic LOS never causes
vehicle overshoots while in most cases making acceptable landings
(depending more on K, Vg, for successful landings). However, it
has the disadvantage of providing no visibility to thé intended
landing point. Therefore, there is a tradeoff involved, in
comparing the Modified Law to the Basic Law, between some vehicle
overshoct with fair visibility and no vehicle overshcot but
practically no visibility. It should also be indicated that if
the Modified Law is applied, a fixed value of S greater than 2.1
may be used. As indicated in Section 3.5.1.3 values of S greater
than 2.1 cannot bhe allowed for the Basic Law due to the initial
attitude constraint. The flexibility of the choice in S for the
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3.6.2 (Continued)

Modified Law will result in obtaining satisfactory trajectories
with a wider range of K, Vo values. Thus, perfect landings with
near zero miss distances, which would be an improvement over the
miss distances shown in Figure 12 and 16, will result.

3.6.3 AV Required as Affected by K Gain and Initial Velocity

Figures 13 and 17 are plots of the AV required for down-
range distances (do) of 1000 and 2000 ft. respectively. They
both show that the AV limitation of 640 + Vg is not exceeded for
ranges of velocity of 20-100 ft/sec. and all values of K considered
(2,0-4.0). In addition, for 1000 ft. downrange AV is not exceeded
over a velocity range of 0-100 ft./sec. The results for the Basic
Law shown in Figure 8a Section 3.5.2 with regard to AV budget
indicate that for combinations such as K = 3.5, V5 = MO, or K =
3.0, Vo = 30, the budget is exceeded (as determined by formula
(3), (4) in Sections 3.5.1.3, 3.5.1l.4k). For the Modified Law
(Figure 13) at 1000 ft. downrange, these points do not exceed the
AV budget. In addition, a check of Figure 12 shows that miss
distance is negligible. However, further inspection of Figure
16 for 2000 ft. downrange using the Modified Law shows a con-
siderable miss distance of approximately 250 feet for K = 3.5, Vg
= L0 and would show a similar magnitude of miss distance for K =
3.0, Vg = 30 ft/sec. The results for 2000 ft. downrange for the
Basic Law were not obtained, however it is expected that the AV
budget would be exceeded by an even greater amount than for the
1000 ft. case. So that although the improvement over the Basic Law
by the Modified Law for dg = 2000 ft. is questionable, the improve-
ment is considerable for the case of 1000 ft. downrange distance.

Reducing the value of K for low values of Vg will help the
Modified Law just as it helped the Basic Law to meet the constraint
requirement, as discussed in Section 3.5.2.5 However, it is expected
that fewer adjustments of K would be required for the Modified
Law.

3.6.4 Initial Pitch Angle as Affected by K Gain and Initial Velocity

Figures 14 and 18 for 1000 and 2000 ft. respective downrange
distances show the vehicle initial total pitch back angle measured
between the horizontal and the vehicle positive X axis, when the
‘Modified Law is applied. For K values between 2.0 and 3.5 and
1000 ft. downrange to target, the design constraint angle of 120°
is not exceeded for velocities up to 60 ft,/sec. The velocities
can go up to 80 ft/sec. for 2000 ft. downrange to target. However,
Figure &b illustrating pitch angle when the Basic Law is applied
shows that the design constraint is exceeded for the same K range
with lower velocities at approximately 53 ft/sec. It also appears
that the pitch back angle increases very rapidly in the Basic Law
and much less rapidly in the Modified Law as velocity is increased
above 60 ft./sec. This occurs in the Modified Law because a large
contribution of the total thrust vector, command comes from
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3.6.5

3.6.6

3.6.4 (Continued)

amplification of the gravity term. This increases the upward
component of thrust and in turn makes the total thrust command
closer to vertical, which the vehicle attitude follows (a rigid
connection between x axlis and engine had been assumed for the
evaluation of the Proportional Law). In conclusion then, there
appears to be a decided advantage in the Modified Laws' ability
to take larger velocities without requiring as great an initial
vehicle pitch back angle as needed for the Basic Law.

Touchdown Pitch Angle Rates as a Function of K Gain and Initial
Velocity

Table 4 illustrates the affect of initial velocity and K
gain constant on touchdown angular rates of a 1000 ft. down-
range target. Examination of the table indicates that 5°/sec.
is exceeded (by 3.1°) in only one case for K = 2 and Vo = 20 ft./
sec. All other combinaticns of K and V, give satisfactory touch-
down attitude rate. As mcre time is allowed via increase in K,
it is seen that the touchdown angular velocity is reduced to very
small values. Comparison of Table 4 with Figure 8c shows that
although the Basic (unmodified) Law is adequate for values of K
above approximately 2.2, the Modified Law results in touchdown
angular rates belOW'5°/sec. over a greater spread of K and Vg
values (including most K = 2.0, Vo combinations).

Pitch Attitude at Touchdown as a Function of K Gains and Initial
Velocity

Figures 15 and 19 show the pitch attitude at touchdown for
a target at 1000 and 2000 ft. downrange. Figure 15 indicates
that the vehicle touchdown attitude at 1000 ft. downrange is
satisfactory for all but one of the K, V5 combinations (K = b,
Vo = 0) and this is only past the 5° bound by 1°. A small
initial velocity would probably put it within the 1limit. Table 5
shows pitch attitude at touchdown using the Bagic Law. If a
comparison is made between the Modified and Basic Laws for
various K, Vo combinations which are common (K = 4 is not in-
cluded in Table 3, so no comparison can be made for this value),
it is seen that the Basic Law produces almost equally satis-
factory results with the exception of the K = 2, Vg5 = 70 point
where touchdown attitude exceeds the limit 5° by 1.5°. Figure
19 showing pitch attitude at touchdown for 2000 ft. range, does
not show results as good as that obtained for 1000 ft. downrange
(both using the Modified IQS Law )s Values of velocity must exceed
40 ft/sec. in order to result in good attitude touchdowns or
else K must be lowered below 3.5 if the velocity exceeds 20 ft/
sec., This indicates that greater velocities are required to
achieve greater downrange landing points, if a change in K is to
be avoided. On the cther hand, if changes in K are allowed, then
the system can perform satisfactory landings at greater down-
range distances,
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TABLE L

1000 ft. Downrange Distance

Pitch Attitude Retes (Of), (°/sec.) at Touchdown - Modified IOS Law,

éy? ft/sec. 0 20 40 60 80 100
2 .1 8.1 2.0 .5 2.2 2.9
2.5 .3 1.0 3 .5 .5 .3
3.0 .3 0 0 e .1 1
3.5 .2 .1 0 .1 .0 0
h,o o .2 0 .0 .0 0
TARLE 5
Pitch Attitude (Of), (degrees) at Touchdown - Basic LOS Law, 1000
Downrange Distance
QKP ft/sec. 8 30 35 40 55 1 so | 60 | 70 | 75
2 90.4 91.1 90.5 91.3]92.2 96.5] 93.4
2.5 90.0 90,2 90.3§90.3] 89.2
3.0 90.0 90,0 90.0 ] 90.0} 90.2
3.5 90,0 90.0 90.0190.1190.1
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3.7
3.T.1

3.7.2

LED-540-15
2l November

COMPARISON OF MIOS AND BASIC LOS LAWS FOR SPECIFIC CONDITIONS

Case 1: Zero Initial Velocity at Hover, Vehicle at 1000 ft.

Altitude, Target 1000 ft. Downrange (do)

Figures 9a - e show the more important cheracteristics of a
trajectory produced from application of the Modified Law. It
should be pointed out that the trajectory is obtained with a zero
initial velocity at the hover point and that the Basic Guidance
Law could never achieve the target point for reasons mentioned
in Section 3.3. Therefore, no detailed comparison can be made
between the two except that the Basic Law is clearly unacceptable
for the perfect hover application. Examination of the figures
shows that the vehicle performs the trajectory and achieves the
target point meeting all constraints, as stated in Section 2.3.2,
when the Modified Law is used. It does so without losing window
visibility to the target, and has the horizon in view for
practically all of the flight. Pitch attitudes and pitch rates
never approach the maximums allowed and they approach 90° and
zZero °/sec respectively as the target point is approached. Thrust
levels are reasonably constant after the initial dip, and vertical
velocity is less than 10 ft/sec with approximately 470 feet down-
range to go and 300 ft. attitude. Horizontal velocity is less
than 5 ft/sec with TO feet to go downrange and the vehicle altitude
at approximately 35 feet, Touchdown velocity and angular rate
conditions are much less and approximately approach zero,

Whether -the target and horizon are within visibility limits
is determined by the magnitude of the angle defined in Figure 9b.
This is the angle (&€ ) between the vehicle Z axis and the line of
sight to the horizon. Due to LEM window configuration the horizon
is considered visible when lO°; § = -65° measured from the Z
axis. In addition, the target is visible for 10°2 ,5 2 -65°,
where 2 1is the angle between the vehicle Z axis and the line of
sight to target.

Case 2: L0 ft/sec Initial Horizontal Velocity at Hover, Vehicle

at 1000 Ft., Altitude, Target 1000 Ft. Downrange (do)

Figures 10 a - e describe the trajectory produced by
application of the Modified Law for the above conditions. Figures
11la - e describe the trajectory produced by application of the
Basic Law for the same conditions. The constants chosen for both
laws are identical except for the value of S used. TFor the Basic
Law S = 2,1 is chosen. For the Modified Law S = 4,0 is chosen.
The choice of a fixed S is determined from the standpoint of
giving the largest number of acceptable trajectories with widest
variations of K and Vo. See Section 3.5.1.2, 3.5.1.3 which
discusses the limitations on S and see Figure 8, Section 3.5.2 on
K, Vo variations for the Basic Law.

Figure 10a and lla - Vertical velocity starts to decrease
from its maximum point of 19 ft/sec. much earlier using the

A REPORT : Contract No. NAS 9-1100
196lpare Primary No. 663
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3,7.2 (Continued)

Modified Law (Figure 10a) than with the Basic Law (Figure lla),
(Range to go of 525 vs. 300 ft.). Horizontal velocity is below
the touchdown limits of 5 ft/sec. with 100 ft range to go to
target in Modified case, vs. 75 ft. to go in the Basic case.
Total velocity is down much more rapidly in the Modified case as
the landing point is approached.

Figure 10band 11b The horizon (determined by & ) is within
sight for both cases. The target is within sight (Just
barely) for most of the descent but gets better as the target is
approached for the Modified case, TFor the Basic case, the target
(determined by point B) starts in sight but is lost and gets
worse as the target downrange distance closes to 500 ft., a
considerable distance from the landing site. It should be noted
here that this is one of the best visibility trajectories for
the Basic Law (for dg = 1000 ft.) and in general results have
been that improvement in visibility have been more decisive in
favor of the Modified Basic Law.

Figure 10 ¢ and llc - The Basic Law exhibits higher altitude
characteristics for the same downrange distance. This may be of
some advantage depending upon the severity of terrain conditions.
If this problem for the Modified trajectory, a fixed altitude
bias may be inserted and the touchdown may be completed with a
vertical letdown.

Figures 10d and 11d - Vehicle Pitch Attitude are within the
attitude constraint limits, but the Modified trajectory produces
an upright vehicle position much sooner than the basic, although
the initial vehicle lean back is somewhat greater for the Modified
case,

Vehicle pitch rates in the Modified case hit a peak of 7.5°/
sec at the start of the trajectory whereas pitch rates in the
Basic case are less than 1°/sec for the whole maneuver. Pitch
rates however get below the allotted 5°/sec rate for touchdown
before 30% of the time to go has elapsed, and at touchdown
approach zero.

Figures 10e and lle- Thrust profiles are good for both with
no abrupt changes required. The A V's for both trajectories are
approximately the same,

Conclusions -~ Because of its ability to complete a trajectory
starting at a zero velocity hover and due to lower landing
approach velocitiesand superior visibility, it appears that the
Modified Law would be preferred.

Comparison of the Modified and Basic Guidance Laws for cases

of velocity between O - 40 ft/sec will yield much the same results
(Continued cn P. 82)
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3.7.2 (Continued)

as the extreme cases Jjust covered except with less pronounced
affects. As the velocity moves closer toward the lower limit

of 0, it will be increasingly more difficult for the Basic Law

to perform a landing within the constraints set up, whereas the
Modified Law would have less difficulty. As the initial velocity
approaches 40 ft/sec, both laws will tend to achieve the target,
however the Modified will hit safe touchdown velocities earlier

in the trajectory, and exhibit improved visibility characteristics,
while approaching at a lower altitude.

4.0 POLYNOMIAL GUIDANCE IAW (Ref. 11, 16)

L.1 GENERAL DISCUSSION ON IMPLEMENTATION OF POLYNOMIAL GUIDANCE LAW

The simplified diagrem for a general closed loop, self
contained guidance law implementation is shown in Figure 20.

Vehiele - Vehicle -
. Vehicle . Vehicle
— B! Guidance| 2 Bl Fiight Mot ion chicle
Law Commands Control & State” | Measurement
Syetem Unit

Vehicle Stale

Simplified Diagram of Self Contained Guidance Law (Fig. 20)

The fundamental elements are:

' (l) The guidance law, i.e., the criteria upon which commands to
the vehicle based on vehicle existing and desired state are
generated.

(2) The vehicle response (translation and rotation) to commands
and its resulting state.

(3) The measurement of vehicle state by some type of measurement
unit.

(4) Closing the loop by reporting back to the guidance law, the
vehicle state so that the guidance law may generate updated
commands.,

The Polynomial Guidance Law implementation falls under the
seme general pattern as discussed above, but is shown in more
detail in Figure 21.
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L1 (Continued)

The baslc Polynomial Guidance Iaw consists of two parts,
both fashionzd in the gzneral pattern indicated in Figure 20
and descriled by equations (24) and (27) and (20) in the next
section 4.2. The two parts consist of a range guidance law
and an altitude guidance law,

The range guidance law (equation 24) varies as a function
of time (t) and depends on the prespecified time of flight
(tf) and the downrange distancs to desired aimpoint ( A R).

K 1s a guidance gailn constant which specifies the Range-time
trajectory characteristic. The range guidance law output is
the range command (R,).

The altitude guidance law (equation (20) in simplified
form and equation (27) in final form) is dependent on the
instantansous measured downrange distance (RIM) and in addition
depends on the initial altitude above the target point

[AH or h- (hyy + Hgy)_/ (see table in Section 4.2.8 for

symbol definitions). N iz a guidance gain constant which
controls the trajectory shape (hc vs. RIM)' The output of
the altitude guidance law i1s the altitude command h,.

The following discussion refers to Figure 21. 1In sequence
of occurrence, the range command is varied as time increases.
This causes vehicle rang2 to vary and then the altitude commanded
varies, so that the range portion of the guidance law takes
the initiative and the altitude command foliows changes in
range. Both the range and altitude commands (Rc , He) after
going through a gain adjustmeant are compared with their re-
spective measured quantities; i.e. vehicle range (RIM) and
vehicle measured altitude (Epy). As a result range error (e
and altitude error (ey) signals are determined. The measured
range and altitude had teen praviocusly fed through a dynamic
compensator (stability compensation network to aid guidance
loop stakility) befors comparison. The error signals in
altitude and rang= ars adjusted in gain and the output range
and altitude thrust command components (Tg., Tre) are pro-
portional to the error components.

For an idesal system with no limits on attitude or thrust
magnitude, all that would te required would be to convert the
rectangular thrust vector components to a polar coordinate
thrust vector having a magnitude and direction. This would
result in determining thrust magnitude commands (Tc) and vehicle
attituds commands (6, ) to orient the thrust vector. The
equations balow accomplish the conversion.
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4.1 (Continued)
2 2, &
T = (T + T 2 (14
! c ( HC Rc ) )
-1
Gc = tan [-THC / TRC _7

Te action described by equation (1L4) would occur in the
control center of Figure 21, if there was no restrictions in
attitude and thrust. However, these restrictions will compli-
cate the control center still further. (See ref. 16 for
further discussion.)

The guidance law control loops constructed by the state
and command comparison produces a thrust and attitude command
proportional to error. The attitude loop formed may be
recognized as basically a type 2 control system (due to vehicle
inertia) where a steady accelleration output requires a con-
stant actuating error signal and error is fully nulled with a
constant velocity input. BRBoth range and altitude loops are
complicated by the fact that the rectangular to polar trans-
formation must be performed and therefore there is an inter-
action between the loops.

Analysis (using the root locus) and simulation has shown
that each loop is stable when decoupled. However, when the
loops are coupled in an actual simulation, instability occurs
due to the coupling of the slow acting attitude loop (for
large commands) with the range loop. Stability was obtained
by an empirical method which limited the vector difference
between that which is commanded and that which is provided
by the vehicle.

Referring again to Figure 21, the attitude command is
fed to a simulated attitude control system which includes
vehicle rotational dynamics. The output of the vehicle is
rotational motion. Both vehicle thrust and attitude outputs
are fed into the simulated vehicle translational dynamics.
The output of this is vehicle translational motion. The trans-
lational motion is sensed by the vehicle navigational sensors
and the resulting outputs are measured range (RIM) and measured
altitude (HIM). These are fed through the dynamic Compensators
which close the altitude and range loops of the guidance law
as previously described.
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O

THEORY AND DEVELOPMENT CF POLYNOMIAL GUIDANCE LAW
(A Guidance Iaw for Automatic Iunar Tanding)

Introduction (Ref, 11, 16

The Polynomial Guidance Law was developed at GAEC by H. Sperling
& M. Rimer for the automatic hover to touchdown maneuver.
Selection of the composition of the guidance law was based
on the supposition that rangs commands should be determined
from initial target downrange distance and some quantity which
reflects time used from a preselected time of flight. This
would constrain range commands to start at vehicle initial
range and gradually approach the desired range as preselected
time of flight is approached.

Another supposition was the altitude commands should be
controlled as a function of target initial altitude and range
left to go. This constrains the altitude command to approach
the desired value as the desired range is approached.

The above assumptions, when properly implemented, were the
basic factors in the development of a satisfactory guidance
law. The proper implementation insured that the range command
be proportional to target range and that the vehicle range
command increases (range being measured from the initial
starting point) as time increases toward the final determined
time of flight. Proper implementation also insures that the
altitude command would decrease to the desired value as the
downrange target is approached.

The complete Polynomial Guidance Law consists of two
command equations; one for altitude command and one for range
commands., The altitude guidance law is determined first, the
range next. See list of symbols in section 4,2.8 for de-
finitions.

Altitude Guidance Iaw Determination for Polynomial Guidance

LEM
Tritial Point

ho ve, 5oy Frofile AR

Figure 22
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4.,2,2 (Continued)

A typical desirable commanded altitude (hc) vs. actual
range (fﬁM) trajectory is shown in Figure 22 (see further
discussion). The boundary conditions which must be satisified

are:

at: R, =0 , h =AH

™
Ry=AR , b =0

The curve may be normalized with respect to target altitude
and range so that the ordinate 1s represented by h, and
-, AR
the abscissa by Zﬁias illustrated in figure 23.

LEM Ir\'|+q| po‘frl' Normalized

Nor‘ma“!ed

;Tdr 3&1- Poi n¥
1

Normalized h. vs. RIM Profile

Figure 23
Letting A{ - B and A\ = he , boundary conditions for
AR Ah

figure 24 are as follows:

i

a't/(( =0, (15)

A
at 4( =1, N

1
0
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L.2.2 (Continued)

\ B )5“?495
7
\( )

\
N

SN

e

Attitude Guidance Eq. Determination
Figure 2b

It is necessary to obtain a function which describes the
variation between A end M as illustrated in Figure £3
satisfying the boundary conditions., Define a function as
follows: (See Fig, 24)

A(M) =mE for 0SM £1 (16)
N <
XNm)= (M) for 0SME-1 (17)
This defines an even function regardless if N is odd or even.
In order to obtain the desired function, part (17) of the
above defined function, is shifted to the right by one unit.

This is performed by making the substitution 4 =_4 -1 in (17)
as follows:

N ) = (- )Y = @ -y)Y (18)

The boundary conditions (15) are satisfied by equation (18).
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4.2.2 (Continued)

Altitude Guidance And Boundary Eg. Determination
(Figure 25)

To obtain a trajectory of a desired general shape requires
proper selection of the value of N. These are indicated in Fig.
25 (the shape of the function is observed in the ranges from
N =0 to N)1). They are as follows:

for]ﬂ>fl a concave (or sagging) trajectory is obtained
for N =1 a linear (straight line) trajectory is obtained
for N<fl a convex trajectory is obtained

The guidance law equation, upon substitution for

he
variables A and M in @_8) becomes he = AH (1 - EIDéI)N

(19)

L.2.3 Generalized Altitude Portion of Polynomial Law

Although the guidance law derived above and studied in detail
in Ref. 16 does not have the complete capability of producing
a trajectory of any possible shape, it is possible to extend the
guidance law to a generalized form which approaches this capability
The generalized function may be obtained by applying a similar
procedure to the one used previously.

The desired expression is obtained by adding all terms of
lower order to the Nth term (see (18)) forming the general
polynomial as follows:

Do) = ap (~)"
Snifting ome X (al) = ap(1 -W" + ap_; (1 -M
unit to the

right {=#-1 A(A ) PZ a; (1 - ;@%)Ni

.
AEQ

N

tapey (=M L+ dy () + ag(-4)°
)N—l +

n

oo+ d1 (1 - + dg

Substitution for the variables results in
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51
. k,2.3 (Continued)
p
h :EE: Rimy Nj
=< - d= _ M i
or
ER
he = AH ai (1 - =)0
T o AR (20)
P
= 4, =1 since the boundary conditions M - o, Be .3
= "i° nee ™ v AR~ A

must be satisfied

Equation (20) is the expression for the generalized guidance
law, which however was not carried any further since it appeared
that guidance law (18) with N> 1 was sufficient for the study.

4.2.4 Range Guidance Law Determination

A typical desireable range vs. time trajectory is shown in Fig.

. 26. QCA_

AR

; - £
Ki
Range Vs. Time Trajectory (Figure 26)

It satisfies the required boundary conditions that at t = 0, R,
=0 and at t = tf, Re = A R. In addition the curve exhibits a
monitonically decreasing range velocity command (Slope decreasing)
as time increases and the final range velocity commanded (dRC
approaches zero as t approaches tf. Note that a downrange velocity

(other than zero) exists at t = O, since the slope of the function
is not zero.

‘ In a manner similar to the procedure used for determining the
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4.2,k (Continued)

altitude function, the range function may also be determined as
follows:

Step (1) Normalize the curve in Fig. 26, which becomes Fig. 27.

Let = R and N\ =1
§ AR tf
A

|

R
T

Normalized Range Function |
(Figure 27)

Step (2) Define the following function

g - nf o<n<1 (21)

%

{]

[}
i
P
=

-1 4L o (22)
K > 1%

Equation (29 has the desired shape characteristic (See Fig.
28), but must be repositioned to satisfy the required boundary
conditions

45 (21) K> 1

e R

K>1

Range Guidance Eq. Determination (Fig. 28)

* ¥ > 1, since K £ 1 would produce a slope which does not approach zero, asWh
increases in (22).
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L.2.4 (Continued)

Step (3) Repositioning of the function is performed by shifting

the function (22) to the right by one unit (perform the substitution
n_ = WV\_-1) and then shifting the function in a positive
direction by one unit (perform the substitution g = % - 1).
Perform as follows:

§-1-- [-¢-n)F

g =1-0 )%

The required boundary conditions are

t R

_<_§.<_1 (23)

1

t Re
N\ =551 Ar -1

and they are satisfied by (23. Thus (23 is the desired equation
and may be written as (24), the range portion of the Polynomial
Guidance Law.

Fo = AR [ 1- Q- %})ﬂ (2h)

Note that since the slope of the function before the shift
was zero at the origin, then after the shift at the corresponding
point® = 1, E = 1, the slope remains zero (See Fig. 27 and 28)
forcing the downrange velocity command (Re) to be zero (dRe = 0)
at t = ty (by the end of the flight). at

A desireable requirement which should be imposed on both the
altitude and range guidance laws is that the vertical velocity
command (dhc> approach zero as the range approaches the desired

value. I%tis seen that (dhc >0 @5 Rim =»AR. Also dRc _g O
dR1M dt

as t-=»tpe, Also the product dRe . dhe -0 as t-»tr. If Re
av dR1y

and RIM are equal than dhe _ o as t —m= tr.

Re end Ryy should approach each other closely as R —#AR
since 1f the guidance law and vehicle control loop together are
functioning properly the vehicle would be following commands well
enough to minimize the error between R, and Ryy. If this were
not the case, then the guidance law could under no circumstances
take the vehicle to the desired landing point.
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h.,2.5

L.2.6

LED-540-15

Another desireable requirement affecting both laws which
should also be imposed is that the altitude commanded velocity
shall monotonically decrease as the downrange target is approached.
This occurs if dRc and dhe Dboth monotonically decrease and if

dt dRIM

Re and RIM are nearly equal. For N > 1 in the altitude guidance

law (19) and for K> 1 in the range guidance law (24) both

derivatives monotonically decrease, therefore the commanded

vertical velocity (ggg) also monotonically decreases. It may

dt

be possible to have N'<'l so long as the dR¢ decreases faster than
dt

dhc  increases as t -4>-tf. This flexibility in the choice of

dRIM

N would allow selection of a convex rather than a sagging tra-

jectory if so desired (See Fig. 25) provided the aforementioned

condition with regards to Re and RyyM is met.

Generalized Range Portion of Polynomial Law

A similar procedure to that used in determining the range
function may also be used to obtain a generalized function for
range which could approximate a desired function. This may be
accomplished by teking the highest (Kth) order term and adding
terms of lower order (with coefficients) to obtain a polynomial
which satisfies the trajectory requirements imposed. This
function would take the form

n K3
% -1- 2= (@1-n)
J=1
n
B_Q =1 - cj (_']_---‘E—-)KJ (25)
AR j=1 f
n .
cy = 1 since at t = 0, R, = O.
J=1

Kj :> 1 for monotonically decreasing range velocity command as
t = ts

Introduction of a Terminal Cuttoff for Polynomial Guidance at a

Point Above the Lunar Surface

In order to perform a proper landing the distance from the
vehicle CG to the landing gear pad (lyg) must be taken into
account in the guidance law. In addition, to allow for errors
in guidance and perform a well controlled descent, it was decided
to guide by means of the Polynomial Law only to a target hover
point (with zero velocity) at some distance (hgy - measured from
the landing gear pad) directly above the target. The descent

{
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4.2.6 (Continued)

then be completed by a direct vertical descent to be discussed
later., This reduces the altitude above aimpoint to less than
h by the amouat hyg + hgw and the altitude portion of the
generalized Polynomial Law (£0) changes to the following

— P
he = [jh - (brg + gy = a4 (1- %E% ' (26)
4 1=1

The Polynomial Guidance Law which is actually used, see
equation (19) also changes accordingly

he = [}1- (hrg + bswﬂ . (1 - %&%)Ni (27)

This is the altitude portion of the Polynomial Guidance Law in
its final form, The range command equation remains unchanged.
See equation (24)

In summary the Polynomial Guidance Law presented (as equations
(2k) and (27) constrains the following parameters via guidance
commands as indicated:
1. A predetermined time of flight (tf)

Predetermined vehicle downrange distance to target end point

( AR).
3. Predetermined vehicle altitude distance to target end point.

4, Predetermined nominal altitude vs. range profile for a given
set of initial and boundary conditions.

5. Downrange and altitude velocity, as the aim point is approached,
is constrained to approach zero (and decrease monotonically).

6. Introducticn of a termination point at some fixed altitude
above the lunar surface.

Terminal Descent to Touchdown After Completion of Polynomial

Guidance Law Phacge

Once the termization point for Polynomial Guidance has been
attained with zero velocity conditions, 1t remains to proceed to
touchdown, It has been found advantageous to employ a vertical
descent with a constant vehicle attitude in order to limit
attitude rates and angles off vertical at touchdown. A constant
vehicle vertical acceleration command guidance law was implemented
to complete the descent. This was later proven successful in
computer runs which simulated the descent. The value for the
acceleration in the guldance law was computed based on a given
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initial velocity and final velocity desired and measured height
above the surface. The formula used is:

o -
_ Hpg - HImf
Ao 2(Hmr - hig) (28)

This method requires little computation since As need be
determined only once (although this is not a necessity),since
fixed boundary conditions specify the complete formula.

This formula however may be more sensitive to error in
velocity due to squaring of the quantities in the numerator
resulting in errors in touchdown velocities. A constant velocity
command may prove to be less influenced by error since it is
directly proportional to velocity. Although the acceleration
command law (28) has the advantage that a zero end velocity may
be specified, an acceleration command law implies that there will
be an acceleration at touchdown which can be translated into
an additional force acting on the vehicle. Since engine cutoff
prior to or at touchdown is a separate problem in itself and
has been studied elesewhere (Ref. 17) it was felt that equation
(28) would be satisfactory for the purposes of this study.
Navigation and Guidance equipment errors were introduced in this
study and the results of their affect on touchdown point conditions
are presented in IMO-500-110 (Ref. 16).

.
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L.,2.8 LIST OF SYMBOLS USED FOR POLYNOMIAL TAW

constant acceleration command, ft/sec2

generalized guldance law coefficient

generalized guldance law coefficient

vertical distance from landing gear to C.G., ft.

predetermined altitude at termination of Polynomial Guidance, ft.
altitude command, ft.

altitude differential, ft. (See eq 26)

measured altitude at termination of Polynomial Guidance, ft.

measured vertical velocity at termination of Polynomial Guidance,
ft/sec

estimated vertical velocity at termination of Polynomial Guidance,
ft/sec

desired vertical velocity at touchdown, ft/sec
generalized guidance law again

guidance law gain

generalized guidance law gain

guidance law gain

positive integer

positive integer

range command, ft,.

measured (or estimated or computed) range, ft.
Total desired range, ft.

time, sec,

total time of flight under Polymomial Guidance, sec.
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4.2.8 LIST OF SYMBOLS USED FOR POLYNOMIAL LAW (Continued)

Y\ non-dimensional guidance law independent variable (%E
€ non-dimensional guidance law independent variable (g%)
)\ non-dimensional guidance law dependent variable (AECh
/U\ non-dimensional guidance law variable (%I%)
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APPENDIX A

DETAILED DESCRIPTION CF EQUATICNS IN HCVER TO TOUCHDOWN SIMULATION PROGRAM
USING PROPORTIONAL NAVIGATION LAWS -

(Includes Symbol Definitions)

General

Figure 291is a detalled tlock diagram showing the basic equations used
in the program to perform the functicns as previously described and illus-
trated in Figure 2 discussed in Section 3.4. The interflow of signals
tetween blocks is also shcwan in greater detail. A discussion follows which
will descrite the computations and eguations involved in each block of
Figure 3, and the major assumptions made will be indicated. See following
list and figures for definiticxn of terms used.

Attitude and Engine Dyrnamics

These equations describe the change in vehicle inertia (I) as a function
of fuel burn off rate. They also describe the vehicle pitch attitude (0) and
attitude rate (9) response to commands., The response is based on a linear
second order approximation of the stabilization and control system with no
consideration given to vehicle unbalance. A calculation is made to estimate
the maximum vehicle pitch rate (QEXT) between simulation computer sampling
intervals. This representation is based on the linear second order approxi-
mation of vehicle dynamics. The engine thrust and thrust rate output responses
are described by a linear first order lag system.

Translational Dynamics

The block of equations expresses the mass (m) and mass rate (ﬁ) of
change of the vehicle, based on a constant Igp. K The vehicle radial accelera-
tion (f;) and the central angular acceleration (¢) as the vehicle translates
are expressed in terms of the thrust magnitude and direction and the varying
lunar g field. This g variation is exprescsed as an inverse square law relation-
ship of distance tetwezn the LEM and the lunar mass CG. The assumption that
vehicle attitude and thrust vector are rigidly fixed with respect to each
other is employed (elimination of trim gimbal simulation) in order to simplify
vehicle representation. Radial and central angular position and rates are
determined by integration of vehicle trarnslational accelerations.

Transformation of Inertial Cocrdinates (See Figure k)

This computation results in generation of the actual gravity acceleration
acting on the vehicle based on actual vehicle position. In addition, actual
rectangular comporents of the gravity acceleration vector are determined.

(The term "actual' refers *to expected position of the vehicle based on physical
laws as opposed to measured position of the vehicle based on sensor navigation-
al measurements. )
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APPENDIX A {(Cont'd)

Actual Thrust Velocity Increment

The incremental change in vehicle velocity due to thrust is determined
by obtaining the difference of previous and present velocity data and removing
the component which was due to the affect of gravity. This results in the
incremental velocity change due to thrust only.

IMU Bersed Thrust Velocity Increment

This block determires the velccity increments that would be measured by
and IMU which has bias errors (ex, ey) and platform angle errors introduced
in an actual platform angle (Op).

Navigation (Integration)

IMU sensed velocity increments due to thrust (Af(TS, A ZTS) are added to
previously updated velocity data (¥Me, ZMc derived from radar measurements)
to this is added computed gravitational incremental velocity which is not
sensed. (This calculation is based on the assumption that the value of g
changes linearly from the previous computatioral period to the next so that
the expected value of g may be predicted. Presert g cannot be calculated
directly since the new vehicle position (VM) is not yet determined.) The
summation of the above quantities will result in total measured vehicle velocity]
(M, ZM). Rectangular position and velocity data Xm, Zm, Xm, Zm) is converted
(See Figure 4) to data referenced to a cylindrical coordinate system
(tm, @m, Tm). In addition horizontal velocity (Vian, in a direction parallel
to the inertial X axis) is computed.

Gravity Computation for Navigation

This computation is based on measured vehicle radial distance from the
moon's CG based on the inverse square law. The radial distance 1s determined
from the navigation computations.

Guidence Law (In Addition See Figure 5)

This block consists first of computation of preliminary relative para-
meters between the LEM and target point prior to the guidance computation.
These quantities are: relative céntral angle (@¥pg) relative range (RgL),
rectangular coordinates of range (XSL, Zsn), LOS angle (\J) based on navi-
gation (measured)inputs. Flight path angle (8 ) is computed based on radar
data or on IMU data only. From the above data the lead angle (L) is determined

The guidance computation is then performed based on both the Cicolani
Guidence Law and the modification of the Proportional Guidance Law as pre-
viously discussed in Section 3.2 and 3.3. The guidance law outputs are
acceleration command components along the velocity vector (Vc) and normal to
the velocity vector (Ne). The total commanded acceleration magnitude (Ac) and
direction with respect to the velocity wvector (J?) is computed and converted
to vehicle referenced thrust and attitude commands.
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APPENDIX A (Cont'd)

Lunar Surface (In Addition See Flgure 9)

The computation of the lunar surface inertial coordinates directly below
the LEM as a function of LEM central angle (@) is performed either for a
spherical moocn or for a moon with a linear inclined surface. The surface radius
(RG) is a constant as a function of central angle for a spherical moon and
vehicle altitude may ve determined by a subtraction of this constant radius
from present vehicle radius (rg). For the linearly inclined surface, the
surface point coordinates (ZG, Xe) vary as a function of target central angle
{@p) and slope of the incline, The inclined surface is assumed to pass through
the preselected target poirnt making an angle of of 7 with the local horizontal.
The lunar surface radial distance (Rg) is computed from the lunar surface
rectangular coordinates, ard then the altitude above the lunar surface is
determined by subtraction of surface radivs from vehicle radius (ra) as pre-
viously. The Initial Set-up Calculation is used to insert the target point
ccordinates through which the inelined surface must pass.

Radaxr

This block of equaticns enables compubtations of the altitude (hg),
altitude rate (hg), and horizontal velocity (Vyg) which would result from re-
solved radar measurements. An intermediate step in this determination is the
computation of the intermediate quantities for altitude (h*), altitude rate
(h*), and horizontal rate. These quantities reflect only the introduction of
platform angular error (Op) off the inertial reference axes which are intro-
duced in the resolution using perfect radar data. To introduce radar sensi-
tivity or bias errors, it is necessary first to decide which is the larger
error and second to use the larger one in the determination of the total radar
error. This error is added to the intermediate quantity to produce a simulation
of what the radar would measure. The computational equations are accurate for
artenna beams whose pointing directions are close to the local vertical.

Update Target (In Addition See Figure 5)

Employing inertial and radar navigational position data (rm, Xm) Zm) and
altitude measurements (hy), the surface coordinates directly below the LEM
along its local vertical are first calculated (RGM; oM, ZGM)' Using the
central angle of the target point (¢T) and coordinates of the surface directly
below the LEM alone its loecal vertieal ('DlGM, XaoMs 7ZgM) for twe successive

long its lc vertical (& for twe successive
navigation computations, the most recent target radius (rp**) is determined.
The target radius r7 is determined by averaging the previous rT with the most
recent (rT**) calculation, The cozrdinates of the target points (X7, ZT) are
also computed. ‘

Update Velocity

The vehicle velocity measured components (Xve, ZMC) are obtained by
resolving vertical and horizontal components obtained from the radar block
along the X and 72 axes. These velccities are utilized by the navigation block
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APPENDIX A (Cont'd)

of equations to update its velocity computations.

Nomenclature

The following terminology is used throughout this report for the
Proportional Navigation Law, unless otherwise indicated.

SYMBOL DEFINITION

a acceleration (ft/seca)

ap, aj constants

e accelerometer bias error, adjusted for sampling rate (ft/sec)

FL RCS torque

g acceleration due to lunar gravitational field (ft/sece)

h altitude above lunar surface (ft)

I principal moment of inertiasbout LEM y-axis (slug-ftg)

Isp specific impulse of main engine fuel (sec)

K guidance law constant

Km modulator gain

Kr rate gyro gain

ki, ko radar altitude scale factor and bias errors, respectively

k3, kly radar altitude rate scale factor and bias errors, respectively

ks, kg radar horizontal velocity scale factor and bias errors,
respectively

L lead angle; the misalignment of the velocity vector from the

line-of-sight direction (See Figure 6)

L.0S Line-of-sight from LEM to target (See Figure 6)
m mass (slugs)
N normal to the velocity vector in a 90° CCW direction (See

Figure 6)

Ro mean radius of lunar surface (ft)
Rg actual radius of lunar surface (fi) at a particular central
angle
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SYMBOL DEFINITION
Rom radius of lumar surface determined from inertial measurements and
radar measurements
Re1 slant range distance from LEM to target (ft)
T radial distance from moon center (ft)
A T ALTITUZE OF TARGET SURFACE above reference surface (ft)
S guidance law constant
T thrust (1bs)
Tr remaining time of flight computed from Tfy - t, used in modified
law
Teq preselected initial time of flight,used in modified law(sec)
t time (sec)
ti time scale for IMU/radar/spacecraft computer calculations (sec)
o _,
Dty ty - tk-1
tn time scale for "real world" calculations (sec)
Dtn tn - tp -1
A\ inertial velocity (ft/sec), also forms one axis of (V, N)

coordinate system (See Figure 6)

Vian inertial horizontal velocity component determined from navigation
loop (computation can also use both radar and inertial inputs)

Vy horizontal velocity component determined from radar and including
platform angle error.

X, 2 inertial selenocentric rectangular coordinates such that z-axis
lies along initial radius to LEM and the x-axis 90° clockwise
to the z~-axis. The plane of x, z is determined by the initial
LEM and target position vectors (ft) (see figure L)

Xg1s 2sl the target coordinates with respect to LEM local horizontal and
vertical components, respectively (ft), (See figure 6)
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SYMBOL DEFINITION

Af(Ta, AZTa actual change in velocity component due to thrust

ZSXTS, ZS‘ZTS sensed change in velocity component due to thrust

c(: angular orientation of veloclty vector with respect to

command “hrust acceleration (See Figure 6)

OCT inclination of lunar surface with respect to local
horizontal at target

K' flight path angle measured to LEM local horizontal (see
Figure k)

e attitude angle measured with respect to LEM local

horizontal (see Figure L)

éEXT approximate maximum pitch rate calculated between
simulation computer sampling instants based on 2nd order
linear system

op platform pitch angle measured from inertial reference x-
axis to platform x-axis in the CW direction. The presence
of this angle will introduce a measurement error in the
inertial and radar systems

A lunar gravitational constant (ft3/sec2)

T time constant for main engine (sec)

@ or Q central angle measured with respect to z-axis (see Figure 4)
¢TG or ¢bIC» central angle between instantaneous LEM position and

target (see Figure L)

QL/ 10S angle measured with respect to LEM local horizontal
(see Figure 6)

damped natural frequency of RCS loop
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SUBSCRIPTS AND SUPERSCRIPTS

Unless otherwise noted a subscript is indicated

a actual value

c commanded value

G with respect to lunar surface

M measured or computed value

Ma transformed and corrected value

T with respect to target

b'e component associated with inertial x-axis
z component asgociated with inertial z-axis
o] initial value

R from radar

H horizontal component

S sensed value

Lack of a subscript generally indicates a parameter associated with the
LEM vehicle.

A dot ( ') above a variable indicates differentiation with respect to
time.

*(superscript) radar determinstion excluding radar error but including
inertial measurement errors.

**( guperscript) most recent calculation of the variable (with no averaging)
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